Pulsed laser deposition ͑PLD͒ has been used to fabricate polymer/carbon nanocomposite thin films for use in chemical sensors ͑chemiresistors͒. Ethylene vinyl acetate copolymer ͑EVA͒ films ͑undoped and 20% carbon by weight͒ were deposited using an ArF excimer laser ͑193 nm͒ at fluences between 150 and 300 mJ/cm 2 . The structure and morphology of the deposited films were characterized using Fourier transform infrared spectroscopy ͑FTIR͒, Raman scattering, and transmission and scanning electron microscopy ͑TEM͒. An analysis of the FTIR spectra indicates that a film deposited using an undoped EVA target is primarily polyethylene, suggesting that the acetate group is photochemically or photothermally removed from the starting material. Gas phase measurements of the laser-evaporated material using a quadrupole time of flight mass spectrometer confirm the production of the acetyl radical on the target surface. Analysis of TEM of films deposited using C-doped targets shows that the carbon black particles ͑initially 50 nm particles in 1 m agglomerates͒ are broken down into particles that are р50 nm in the deposited film. Incorporation of carbon into the target reduces the degree of photochemical damage of the starting material, as shown in the FTIR spectra of the deposited film. The sensitivity and response time of chemiresistors fabricated from 6 m thick composite films on top of gold electrodes were measured using toluene vapor ͑548 ppm͒. The chemiresistors exhibited a reversible and fast ͑Ͻ1.3 s͒ response to the vapor. In comparison to data reported in the literature, chemiresistors fabricated from PLD films are significantly better than devices fabricated using a more conventional polymer film growth technique.
. The structure and morphology of the deposited films were characterized using Fourier transform infrared spectroscopy ͑FTIR͒, Raman scattering, and transmission and scanning electron microscopy ͑TEM͒. An analysis of the FTIR spectra indicates that a film deposited using an undoped EVA target is primarily polyethylene, suggesting that the acetate group is photochemically or photothermally removed from the starting material. Gas phase measurements of the laser-evaporated material using a quadrupole time of flight mass spectrometer confirm the production of the acetyl radical on the target surface. Analysis of TEM of films deposited using C-doped targets shows that the carbon black particles ͑initially 50 nm particles in 1 m agglomerates͒ are broken down into particles that are р50 nm in the deposited film. Incorporation of carbon into the target reduces the degree of photochemical damage of the starting material, as shown in the FTIR spectra of the deposited film. The sensitivity and response time of chemiresistors fabricated from 6 m thick composite films on top of gold electrodes were measured using toluene vapor ͑548 ppm͒. The chemiresistors exhibited a reversible and fast ͑Ͻ1.3 s͒ response to the vapor. In comparison to data reported in the literature, chemiresistors fabricated from PLD films are significantly better than devices fabricated using a more conventional polymer film growth technique. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1362405͔
I. INTRODUCTION
The synthesis and characterization of nanocomposite materials is a rapidly evolving area of research. The variety of applications for these materials is extremely diverse, ranging from sunscreen to flat panel display technology. 1 The general characteristics of a nanocomposite are a host with another material homogeneously embedded in it, with one ͑or both͒ of these materials having a characteristic length scale of 1-100 nm. A large surface area of interaction between the host and guest material produces macroscopic properties for the nanocomposite, which are unattainable from just a layered composite.
Advancement in thin film processing of polymeric materials is integral to innovation in a variety of electronic, optical, and packaging industries, and in the general area of bio/chemical-analytical techniques. The processing of composite materials as multilayers and as homogeneous composites is commonplace. The results can provide unique materials properties and capabilities that provide a commercial edge, especially as the nanometer domain is approached.
An important application for nanocomposite materials involves polymer-carbon composites for chemical sensing technologies. An example is the carbon-polymer chemiresistor, a device in which a carbon black-polymer composite is deposited between two ͑or four͒ electrodes.
2 Above a certain carbon-loading threshold the embedded carbon particles provide a conduction path through the insulating polymer matrix via percolation ͓percolation threshold ϳ18% for twodimensional ͑2D͒ films͔. Depending on the chemistry, a given polymer will sorb and concentrate analyte molecules of interest in the polymer film. In the presence of these analytes, the polymer swells and the volume fraction of insulating material grows. This lengthens the separation between carbon particles, which in turn raises the electrical resistance of the composite film.
Chemiresistors are appealing as vapor sensors because they involve simple electronics, yet they are very sensitive. The sensitivity and response time of the chemiresistor sensors will depend on the degree of homogeneity to which the a͒ Author to whom correspondence should be addressed; electronic mail: dbubb@nrl.navy.mil carbon particles can be distributed within the polymeric matrix. Any porosity or void space contained within the film will lead to reduced performance of the chemiresistor-based device. ''Wet'' techniques for composite film deposition are such that the composite is dissolved in solvent, applied to a substrate, and the solvent is allowed to evaporate. Utilization of a wet deposition technique can lead to porous, nonuniform films that do not adhere well to the substrate. Pulsed laser deposition ͑PLD͒ is a relatively new physical vapor deposition technique that results in good film/substrate adhesion due to the hyperthermal kinetic energies of the arriving species at the substrate surface. 3 PLD has long been used to deposit thin films of a variety of inorganic materials including superconductors, ferroelectrics, metals, and transparent conducting oxides. 3 When depositing these materials, the ablation plume consists predominantly of neutral atoms, small molecules, and ions. The constituent elements arrive at the substrate in the appropriate ratios and form a film with the correct composition. By adjusting the deposition conditions, one can grow single phase, oriented crystalline, and even epitaxial films. When ablating polymeric material the mechanism of transfer is necessarily very different. Generally speaking, studies involving ablation of polymers have concentrated on two classes of materials, addition and condensation polymers. Studies on addition polymers 4 have shown that there are some polymers for which monomer is strongly present in the ablation plume, and that the average molecular weight of the deposited material can be changed independently of the target material by varying the temperature of the substrate. A thermal mechanism has been proposed 5, 6 in which the ablated material is rapidly ͑nearly instantaneously͒ heated above the onset of pyrolytic decomposition, resulting in a chain depolymerization reaction. When the vapor arrives on the heated substrate, it repolymerizes, presumably due to radicals acting as catalysts.
Typically, interaction with UV light causes a reduction in the molecular weight of the deposited material relative to that of the bulk polymer. The photodegradation may be either photothermal or photochemical. For some polymers, the damage may be severe. 7 For the chemiresistor, damage to some parts of the polymer during PLD does not appear to significantly impact the performance of the sensor, as long as the required functional groups of the polymer remain intact. Should this become critical, another laser-based technique, matrix-assisted pulsed laser evaporation ͑MAPLE͒ has been shown to deposit thin polymer films without significant decomposition. 8, 9 Here we describe a laser-based processing technique to fabricate carbon filled nanocomposites and their application as gas sensing elements. As previously discussed, for the deposition of polymeric thin films, PLD offers several advantages over traditional solvent based techniques such as spin, aerosol spray, dip, and more recent ink jet techniques. In particular it is possible to coat the substrate surface, and in this application, the sensor element with a very uniform film and with a high degree of thickness precision to within a few nanometers. The use of a shadow mask allows localization of material down to a spatial resolution of about 20ϫ20 m.
2 Solvent-based polymer processing techniques invariably suffer from effects that arise from poor solvent-substrate wetting and a differential drying rate. Furthermore, for enhanced adhesion of the polymer or composite materials to the substrate surfaces, such as metal electrodes, laser-based processing offers substantial performance capabilities over solventbased techniques. While other polymer film deposition techniques such as plasma polymerization may result in polymer films, which adhere better to electrodes than wet deposition techniques, we have not found literature pertaining specifically to the fabrication of carbon-polymer chemiresistors for these techniques. We will discuss the PLD of composite carbon-polymer thin films for chemiresistors, the characterization of starting and deposited materials, and the performance of the chemical sensor when exposed to a common volatile organic chemical.
II. EXPERIMENTAL DETAILS

A. PLD target materials and target preparation
The composite material used in fabricating the chemiresistors reported here consists of ethylene vinyl acetate random copolymer ͑EVA͒ ͑33% VA, Scientific Polymer Products, Inc.͒ mixed with ball-milled carbon black of approximately 1 m size particulates. Solutions of EVA and carbon were dissolved in chloroform at a 20% carbon loading by weight. The selected carbon loading by weight provides conductivity close to the percolation threshold, above which we expect the sensor response to be a maximum. The solution of polymer and carbon black is decanted into a 1 in. aluminum target die and the solvent evaporated, leaving a film of carbon-polymer composite. Targets of EVA alone were made by polymer melt casting them on a hot plate. Beads of the polymer were decanted into an empty target holder and inverted into an aluminum boat. To make targets with a smooth surface, the polymer was heated to ϳ160°C to allow polymer flow and then flash frozen by submersion in liquid nitrogen. The aluminum boat is removed, leaving a specularly reflecting finished surface.
B. Laser processing conditions and substrates
An ArF excimer laser ͑Lambda Physik 305, ϭ193 nm͒ with a pulse duration of 30 ns ͓full width at half maximum ͑FWHM͔͒ was used for the depositions. The deposition chamber is described in detail elsewhere. 8 The repetition rates were either 10 or 20 Hz and the fluence was varied between 150 and 300 mJ/cm 2 . The background gas pressure was between 50 and 150 mTorr of Ar. The spot size was varied between 0.07 and 0.15 cm 2 . The target was rotated ͑35 rpm͒ and the laser beam rastered over the entire surface area ͑ϳ8 cm 
C. Material characterization
In order to evaluate the physicochemical properties of the polymer-carbon composite films fabricated by PLD, a variety of techniques were used. The film properties were evaluated by Fourier transform infrared ͑FTIR͒ and Raman spectroscopies to compare the chemical structure of the PLD films with the native materials. A time-of-flight quadrupole mass spectrometer ͑TOF-QMS͒ was used in order to study the mass and kinetic energy distributions of material ejected from the target during PLD of EVA only. To ascertain the surface roughness and morphology of the films scanning electron microscopy ͑SEM͒ and atomic force microscopy ͑AFM͒ measurements were performed on thin films of the EVA-C composite. Finally, to verify the domain size of the composite, transmission electron microscopy ͑TEM͒ was used.
D. Vapor testing
The procedure for vapor testing the finished devices was previously described in detail. 10 Testing of the devices consisted of a repeated vapor on-vapor off cycle with exposure to toluene at a concentration of 548 ppm. The devices were installed in a computer controlled Cyrano Sciences test fixture, which provided a sealed sensor array lid with connections for vapor delivery and exhaust. The vapor stream and air diluent were controlled to constant temperature and humidity levels. Humidified air was generated by bubbling N 2 gas through a thermostated Teflon container. A VG-7000 ͑Microsensors, Inc.͒ vapor generator was used as the vapor source. In general the relative humidity was fixed at 19% and the temperature was maintained at 25°C. A two-point dc resistance measurement was recorded every 1.3 s.
E. Deposition rate
Composite films were deposited at Ar gas pressures between 0 to 400 mTorr on Si͑111͒ substrates, which were masked for profilometry. When varying the background gas pressure, and keeping all other conditions constant, 150 mTorr yields the highest deposition rate. The variation of the deposition rate with background Ar gas pressure is shown in Fig. 1 . During deposition material was also collected on NaCl substrates for infrared absorption measurements.
III. RESULTS AND DISCUSSION
A. Infrared absorption spectrum
A Nicolet FTIR spectrometer was used in order to record the infrared spectrum between 400 and 4000 cm Ϫ1 . The spectrometer sample chamber is purged with dry nitrogen for 5 min after every time the sample chamber is opened and for at least 15 min prior to use. The infrared absorption spectra of an EVA drop cast film, a laser-deposited EVA film, and an EVA-carbon composite film also deposited by PLD, all on NaCl substrates, are shown in Fig. 2 . The chemical structure of EVA is shown in Fig. 3 . The drop cast film and PLD film have had a constant baseline subtracted from the spectra shown in Fig. 2 . In the case of the composite film, we have subtracted a sloping baseline, presumably due to Rayleigh scattering from the embedded carbon particles. For comparison purposes, the CH 2 antisymmetric stretch band centered at 2920 cm Ϫ1 is used in order to normalize all three spectra. From the spectra, it is clear that the features associated with polyethylene, marked ''PE'' in Fig. 2 , are present in all three spectra in the same ratios. There is a clear indication of decomposition of the polyvinyl acetate ͑PVA͒ segment of the copolymer as evidenced by the change in the relative intensities of the PVA absorption bands. These bands are marked ''PVA'' in Fig. 2 , along with their assignment. The bands due to carbonyl stretch ͑1740 cm Ϫ1 ͒ and carboxyl stretch ͑1240 cm
Ϫ1
͒ are readily identifiable in the spectra. These bands are much weaker than the spectra of PLD and EVA-C composite films, presumably due to photolytic damage to the acetate group.
In the inset of Fig. 2 , the spectral region between 850 and 1100 cm Ϫ1 is shown. When EVA only is deposited by PLD, the band at 1020 cm Ϫ1 that is associated with a C-O-C stretch mode disappears almost completely. Two new bands appear in the polymer film spectrum centered at 910 and 990 cm Ϫ1 that are not present in the target material's spectrum. These bands most likely arise from a terminal alkene group. 11 Additionally, a band appears close to 970 cm Ϫ1 that could arise from an alkene group in conjugation with a carbonyl group.
11
Interestingly, the inset of Fig. 2 also shows that codeposition of EVA/amorphous carbon results in a reduction of laser-induced damage to the acetate group. The C-O-C band at 1020 cm Ϫ1 does not completely disappear, and the terminal alkene bands are weaker by comparison with the EVA only processed by PLD. This appears to be due to carbon black acting as an UV screener in the target material. The use of an UV absorber is a typical technique for stabilizing polymers from degradation due to exposure to sunlight.
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B. Time-of-flight mass spectrometry results
Time-of-flight quadrupole mass spectrometry measurements were made during the pulsed laser evaporation of EVA only, without any carbon. Single mass, velocity distributions can be obtained by simply removing the sample holder in the deposition chamber and opening a gate valve that connects the deposition chamber with a separate analysis chamber containing a quadrupole mass spectrometer. The analysis chamber consists of two differentially pumped regions separated from each other and the deposition chamber by two beam-defining apertures, both 3 mm in diameter. When the gate valve between the deposition chamber and the quadrupole mass spectrometer is opened and the sample holder is removed, the two apertures admit vapor emitted normal from the target surface into the ionizing region of the mass spectrometer. With the differential pumping, there is no increase in pressure observed in the quadrupole chamber during the TOF measurements. The flight distance from the surface of the target to the ionizer in the mass spectrometer is 1 m.
The output of the channeltron detector is sampled by a digital oscilloscope that is used for both signal averaging and data storage. Data acquisition is synchronized to the firing of the laser. Mass selective ion arrival times are measured in two modes: ͑a͒ with the ionizer off ͑ions generated in the laser plume͒ and ͑b͒ with the ionizer on ͑ions and neutrals generated in the plume͒. The dwell time used for our measurements is from 10 s to 10 ms/channel. Because the laser pulse duration is 30 ns, it can be treated as a delta function, and deconvolution of an instrument function from the data is not required. From 100 to 500 laser pulses are averaged to map out the distribution of arrival times for a particular mass. Since the mass spectrometer uses an electron impact ionizer, the signal intensity for neutral species is inversely proportional to the residence time in the ionizing region of the quadrupole filter. To compare neutral species distributions, the intensity of the ion current as a function of time for all profiles shown here is normalized with respect to the inverse of the arrival time.
The TOF distributions ͑ions plus neutrals͒ for three masses, 15, 27, and 43 amu, are shown in Fig. 4 . The laser fluence used for this measurement is 230 mJ/cm 2 . All three distributions are scaled to a peak height of 1 for comparison. Peaks observed at times shorter than 100 s are an artifact of the correction procedure for the velocity effect mentioned above, and should be disregarded. The small peak in the distributions at around 200 s represents the ions created at the target surface by the laser, since it is observed when the ionizer in the quadrupole filter is turned off. The masses of these ions are not known because of the high velocity of these particles, which the quadrupole fails to filter.
The three neutral masses have maximum intensities at arrival times which increase with increasing mass ͑see the inset of Fig. 4͒ , indicating that particles responsible for these distributions are created at the target surface and not in the ionizer of the quadrupole mass spectrometer. Electron impact fragmentation of a large molecular weight species in the ionizer would yield the same arrival time for the parent species and the subsequent fragment. The kinetic energy distributions of these particles are similar as demonstrated in the inset of Fig. 4 . This result strongly suggests that fragments of reduced mass are created photolytically at the target surface.
C. TEM micrographs
Transmission electron microscopy studies, made using a 300 kV H900 TEM, show the ball-milled C used to fabricate the laser targets has a porous particulate microstructure, with approximately 50 nm particles clumping into roughly 1 m agglomerates ͓Fig. 5͑a͔͒. Shown in Fig. 5͑b͒ is a TEM micrograph of a 130 Å thick film of composite material deposited by PLD on a lacey 1-C-coated Cu TEM grid. The EVA/C contrast was not sufficient to clearly resolve the polymer and carbon. However, it is clear that the agglomerates are broken down into particles of 50 nm or smaller. It appears that both the carbon and polymer regions are in the nanoscale domain.
D. Raman spectra
Raman spectra were collected for the target and a film deposited on gold meander line electrodes. In the spectra, there are two peaks referred to as the D ͑1350 cm Ϫ1 ͒ and G ͑1580 cm Ϫ1 ͒ modes, respectively, shown in Fig. 6 . The D mode is associated with disorder in the carbon structure, and does not appear in perfectly crystalline graphite. There are a number of studies that address the shift in the position of the D band. [13] [14] [15] Briefly, the D band is associated with an electronic resonance that is linked to the -bonding network of sp 2 character. The electrons in these orbitals become delocalized and are responsible for the conductivity. The D band shifts towards higher energies after deposition, thus reducing the conductivity of the embedded carbon particles. Within the framework established by Refs. 13-15, the shift of the D mode to a larger wave number corresponds to a reduction in the ''length'' of the -bonding network.
Another potential reaction pathway associated with the carbon clusters involve Ϫ* transitions for which there is a energy gap of about 6 eV. One model of the electronic structure of amorphous carbon describes it as consisting of graphitic clusters with greater than four sixfold rings of sp 2 character bonded together by states of sp 3 character. 16 The photon energy employed, 6.4 eV, allows excitation of direct Ϫ* transitions, resulting in a bond being broken between clusters. This is entirely consistent with the TEM results in that the average particle size is greatly reduced. The effect of this reduction of particle size may aid significantly in uniformly distributing carbon within the polymeric matrix.
E. Surface morphology
A scanning electron micrograph of an EVA-C composite film deposited on a Si͑111͒ substrate, made using a LEO 1550 SEM operating at 5 kV, shows that the surface of the film is textured but uniform ͓Fig. 7͑a͔͒. Consistent with the observations made by TEM, there are particles of ϳ50-100 nm comprising the surface. Measurements using a Tencor P10 profilometer show that this film is ϳ500Ϯ100 nm thick. The amount of surface area present may significantly affect the rate of analyte absorption. However, it is not presently known what surface roughness is ideal for the sensor. The size of the embedded carbon particles will define the lower limit of the surface roughness.
In order to gain a more quantitative measurement of the roughness, the film surface of the EVA-C composite deposited on meander line electrodes was examined using AFM ͑Digital Instruments Dimension 3000 AFM/MFM͒. Because of the shape of the electrodes, it is difficult to directly measure the thickness of the device. However, profilometry measurements on the mask used during deposition indicate that the composite polymer-carbon film is ϳ6 m thick. Several 10ϫ10 m areas and one 20ϫ20 m area were scanned with the AFM. One of the AFM images is shown in Fig.  7͑b͒ . The measured surface roughness varied between 240 and 340 nm ͓root mean square ͑rms͔͒ for several different areas on the same electrode. The alumina substrate under the electrodes has a surface roughness of 250 nm. The electrodes are comparatively rough, with thickness variations of Ϯ1.5 m, as measured by profilometry. In general, PLD is considered to be a technique capable of depositing a relatively smooth, uniform film. On a smooth substrate such as Si͑111͒, it appears that the surface roughness is only limited by the size of the carbon particles embedded in the polymer matrix. On a rougher surface, such as the gold electrodes, the composite film planarizes the surface.
IV. COMPOSITE CHEMIRESISTOR ELECTRICAL CHARACTERISTICS
A. Device optimization
To minimize spatial variations in carbon loading, we chose a small target-substrate distance ͑ϳ3 cm͒ and rastered the beam over the entire surface of the target. We note that the base resistance of the chemiresistor sensors is lower for thicker films and higher for thinner ones. The magnitude of the sensor response (⌬R) is directly proportional to the base resistance for a large number of sensors and from run to run. Therefore, if a compositional gradient over the sensor array is present in our films, it has a small effect.
After deposition, there is a period of several hours to 1 day in which the baseline resistance is observed to decrease. The origin of this downward drift is uncertain. It appears to be unrelated to temperature changes or humidity exposure because it is observed even under vacuum immediately after film deposition. This appears to be a similar effect to that reported for other chemiresistor devices, 17 yet at present we do not understand its origin. If ⌬R/R is plotted instead of ⌬R, the effect of this drift can be mitigated.
B. Toluene vapor tests
Two key indicators of the performance of a chemiresistor operated as a gas sensor are the magnitude of the response to an analyte and the response time. The chemiresistors fabricated by PLD were exposed to toluene in order to evaluate sensor performance. A repeated test cycle vapor on ͑90 s͒-vapor off ͑90 s͒ toluene exposure for a chemiresistor sensor is shown in Fig. 8 . The toluene concentration was 548 ppm, the humidity was maintained at 19%, and the temperature of the device was 25°C. Exposure to toluene vapor causes a change in the dc resistance. The base resistance of this device is 2.8 k⍀. The measured resistance change due to toluene exposure is approximately 20 ⍀, or 0.7%. The signal response profile for repeated exposures is reproducible.
The time required to reach 90% of equilibrated signal response (T 90 ) to toluene vapor at 548 ppm was measured to be 1.3 s, the limit of our data point resolution. In Fig. 9 , the results for exposure to 548 ppm toluene for a chemiresistor sensor are shown.
C. Comparison of PLD films with a drop-coated device
Various techniques can be utilized in order to fabricate composite polymer-carbon resistors including spin, spray, and drop casting. Previously, devices have been reported that were fabricated by a drop-casting technique. 17 The copolymer used in both studies is the same, but the compositions are offset by 15%, with the PVA component at 33% for the starting material in the current work and 18% in Ref. 17 .
One feature that immediately presents itself is surface morphology. The films in Ref. 17 were prepared by dipping glass slides and polished ceramic capacitors into a solution of dissolved polymer and carbon black. The resulting films were 0.2-2 m thick with the largest carbon black aggregates being up to 30 m in length. As was described in Sec. III D, our films are much more uniform. In addition, films deposited by PLD form adherent coatings on a variety of substrates, while the adhesion of drop-cast devices is relatively poor. It has been our experience that the adhesion of similarly made films is extremely poor. Unfortunately the drop-cast devices will not withstand even light scratch testing, so quantitative comparison between PLD and drop-cast films is impossible. However, touching the surface lightly with a soft object such as a cotton swab will completely delaminate the drop-cast film whereas the same test will not affect films made by PLD. The T 90 of sensors fabricated by PLD is 1.3 s, the limit of our time data point resolution. By contrast, the response of polymer-carbon composite drop-coated films has been reported to vary between 2 and 4 s. 17 Because several polymers were used in Ref. 17 , it is not clear which response time should be compared with the sensor fabricated by PLD.
Finally, the response and sensitivity of the two types of films should be compared. The vapor testing in Ref. 17 used at least twice the concentration as that used in this study. Once again, since the concentrations, solvents, and polymers used in both studies are different, it is difficult to compare results directly. However, the results are fairly similar for vapor testing at low concentrations. We measure a 0.055% relative increase in resistance during exposure to 55 ppm toluene with a signal to noise ratio of 14. Unfortunately, no comparative signal to noise data can be found in the literature related to chemiresistor sensors.
V. FILM GROWTH MECHANISMS
While the structural data ͑IR͒ show significant modification of the original EVA structure in the deposited film, the chemiresistor data demonstrate that the deposited film can be used as a sensor material in a device that has a high figure of merit compared to films grown by a wet deposition technique. From the spectral data, and the gas phase characterization the ablated material in the TOF/quadrupole mass spectrometer, we can suggest both the structure of the sensor material and the mechanism by which it was formed. In general, the question to be answered in pulsed laser deposition of polymer films is whether or not the observed changes are photothermal, photochemical, or possibly both in nature. Studies of the thermal degradation of polyvinyl acetate have shown that the primary product is acetic acid. 18 The thermal reaction involves the formation of an intermediate sixmembered ring followed by abstraction of a proton from the polymeric backbone. Similarly, one can envision a photochemical process which gives rise to the same products. Excitation in the carbonyl group results in the formation of the intermediate six-membered ring state followed by the formation of acetic acid and an alkene group. The decomposition mechanism is shown in Fig. 10 . The photochemical mechanism is a Norrish type II process which is initiated by strong Ϫ* excitations induced by the 193 nm photons. 19 In general, mechanisms for photodegradation of polyvinyl acetate are quite complex. 20 An additional complication arises here due to the fact that acetic acid can photodissociate into an acetyl radical plus an OH radical by absorption of a 193 nm photon. 21 This dissociation process has been shown to occur in less than 200 fs. 22 The ease with which acetic acid can be photodecomposed into the acetyl radical 21, 22 explains why acetic acid ͑or its cracking pattern͒ is not observed in the mass spectrum during PLD. However, it does not let us decide whether the initial release of acetic acid is photothermally or photochemically driven. Since the photochemical degradation of polyvinyl acetate is well documented it seems unreasonable to assume that the degradation mechanisms observed are purely thermal in origin. It is suggestive that the three largest mass fragments observed during PLD of EVA are all present in the mass spectrum of the vinyl acetate monomer and we do not observe a significant peak at 86 amu, the molecular weight of vinyl acetate. The arrival times of these fragments scale linearly with the ͑mass͒ 1/2 which indicates that the fragments are not created by the impact ionizer, and suggests that they are formed at the target surface. Since the TOF data argue that within the laser pulse, acetic acid is both formed and photodecomposed at the target surface, it strongly suggests that a significant reaction channel has to be photochemical in nature.
The IR spectra of deposited material which shows the appearance of new bands between 900 and 1000 cm Ϫ1 together with the mass fragments that are observed can be understood easily by the photochemical decomposition mechanisms described in Ref. 20 . The spectra of the PLD films indicate that the C-C bonds in the polymer backbone are primarily unsaturated due to the fact that the CH 2 antisymmetric stretch mode remains below 3000 cm
Ϫ1
, and is not significantly changed from the target material. 11 The PLD films have absorption spectra which are consistent with the formation of terminal alkenes and removal of a large number of the acetate pendant groups during PLD.
VI. CONCLUSION
PLD can be used to fabricate conducting polymercarbon composite chemiresistors. A comparison of the IR spectra of the bulk EVA and the PLD film indicates significant photodecomposition. The deposited film shows a decrease in the IR absorption assigned to the acetyl group and the appearance of a terminal alkene. When the carbon and polymer are codeposited there is less evidence of damage to the pendant functional groups in the infrared spectrum. PLD has been demonstrated as a simple technique to deposit EVA-carbon composite materials. The deposited films consist of domains of carbon and polymer in the nanoscale region. The use of PLD as a deposition technique naturally allows the production of homogeneous polymer-carbon composites with important chemical sensing applications that can be used as functional chemiresistor sensors that reversibly respond to toluene vapor exposure.
